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Abstract
Purpose While many studies about anterior-cruciate-
ligament-deficient (ACLD) patients have demonstrated
functional adaptations to protect the knee joint, an in-
creasing number of patients undergo ACL reconstruction
(ACLR) surgery in order to return to their desired level
of activity. The purpose of this study was to compare
3D kinematic patterns between individuals having un-
dergone ACLR with their healthy contralateral knee and
a control group.
Methods Three-dimensional kinematic data were obtain-
ed from 15 patients pre- and post-ACLR, 15 contralat-
eral knees and 15 healthy controls. Data were recorded
during treadmill walking at self-selected speed. Flexion/
extension, external/internal tibial rotation, adduction/
abduction and anterior/posterior tibial translation were
compared between groups.
Results ACLR knees showed a significantly higher knee-
joint extension during the entire stance phase compared
with ACLD knees. However, ACLR knees still showed
a deficit of extension compared with healthy control
knees. In the axial plane, there was no significant dif-
ference in pre- and postoperative kinematic data. Signif-
icant difference was achieved between ACLR knees and

healthy control knees, specifically between 28 and 34 %
and 44 and 54 % of the gait cycle. There was no
significant difference in anterior–posterior translation or
coronal plane between groups.
Conlusion Following ACL reconstruction, patients have
better clinical and kinematic parameters. Despite im-
provements, knee kinematics during gait in the ACLR
group differed from the control group. These kinematic
changes could lead to abnormal loading in the knee
joint and initiate the process for future chondral
degeneration.

Keywords Knee .ACL reconstruction .Gait . 3Dassessment

Introduction

Alterations in biomechanical features of the knee during
walking following ACL reconstruction (ACLR) in pa-
tients with ACL-deficient (ACLD) knees have been
evaluated in different studies. While many studies dem-
onstrated functional adaptations to protect the knee
joint, an increasing number of patients undergo ACLR
surgery in order to return to their desired level of
activity.

Many studies reported good clinical outcomes following
ACLR. However, long-term patient follow-up studies report-
ed a high incidence of degenerative changes [1], abnormal
knee laxity [2], the need for revision surgery [3] and anterior
knee pain [4]. The precise mechanism contributing to these
postoperative complications are unknown.

Abnormal knee kinematics is thought to be one of the
possible reasons for long-term development of degenerative
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changes after ACLR. It is therefore interesting to study the
kinematics associated with this type of surgery. However,
even though several devices are available to assess knee-
joint kinematics [5–7], 3D biomechanical changes caused by
ACL injury and the effect of ACLR in knee kinematics are
still not clearly understood. Thus, establishing an objective
evaluation of knee kinematics in a clinically feasible way is
critical in extensive evaluation of ACL function and as valu-
able feedback for ACLR.

The purpose of this study was to compare 3D kinematic
patterns between individuals having undergone ACLR with
the healthy contralateral knee and a control group of patients
who had no history of musculoskeletal injury or surgery in the
lower extremities.

Material and methods

Participants

This prospective study was conducted from January 2011 to
January 2014 in the facilities of the biomechanical laboratory
at our clinical centre. Patients scheduled for ACLR were
selected for kinematic analysis. ACL rupture was diagnosed
by clinical examination and magnetic resonance imaging
(MRI) and confirmed at surgery by arthroscopy. Patients with
unilateral ACL rupture and a healthy contralateral knee (that
had never had any kind of orthopaedic or neurological condi-
tion) were included in the study. Patients with meniscal injury
where partial meniscectomy or repair was feasible or grade 1
or 2 medial collateral injury were also part of the study.
Patients who had subtotal or total meniscectomy, concomitant
posterior cruciate ligament (PCL) injury, restricted knee-joint
movement, full-thickness cartilage defect >1 cm2 or previous
history of any surgery in both knees were excluded. Of the 30
patients assessed preoperatively, 15 were available for follow-
up evaluation. ACLR was done 1 day after examination.
Average time to postoperative examination was 10.23±
1.4 months . Kinematic analyzes were compared between
reconstructed and contralateral knees and knees in the control
group..

Operative technique comprised double-incision
isoanatomical ACLR, as previously described[8]. A patellar
tendon autograft was used for all ACLRs.

Data collection

Clinical assessment was performed by two clinicians experi-
enced in orthopaedic surgery. Static knee stability was evalu-
ated with the manual Lachman test, drawer test and pivot-shift
test. The International Knee Documentation Committee
(IKDC) objective evaluation was used to assess clinical
outcomes.

Biomechanics data for walking were collected using the
Knee-KG™ System (Fig. 1), which is composed of passive
motion sensors fixed on the validated knee harness [9], an
infrared motion-capture system (Polaris Spectra camera,
Northern Digital Inc.) and a computer equipped with the
Knee-3D™ software suite (Emovi, Inc.). The system mea-
sures and analyses the position and movement of the patient’s
knee [10, 11].To reduce skin-motion artifacts, the group de-
veloped a harness to fix quasi-statically on the thigh and calf
[9]. This harness was shown to be accurate in obtaining 3D
kinematic data that could be used to evaluate ACL and ACL
graft deformation in vivo [9, 12].

Initially, calibration is performed as described by
Hagemeister et al. [13] and comprises two main parts:
defining joint centres, and defining the system of axes based
on a predetermined posture. Calibration begins with the
identification of four anatomical sites: medial and lateral
malleolus, and medial and lateral condyle. Next, the opera-
tor locates the 3D position of the femoral head while the
individual is asked to perform a circumduction movement
of the leg. The Knee-3D™ then calculates the optimal point
defining the centre of the femoral head. The next phase is
defining the centre of the knee in terms of the 3D position.
The study participant extends the leg completely and does
repetitive leg flexion/extension motions for 10 s. Once the
movement has been recorded, the Knee-3D™ calculates a
mediolateral middle axis for that movement. Based on the
axis, the Knee-3D™ then defines the midpoint of the knee
and the 3D positions of the medial and lateral condyles
measured in the previous steps. The middle of both con-
dyles is projected on this axis, thus defining the centre of the
knee. The final phase of calibration is the set of neutral
transverse rotation, when the knee ia determined to be at

Fig. 1 Anterior view of a right knee fitted with the Knee-KG™ tracker
system. Secure fixation on the thigh and calf minimises skin-motion
artifact
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0° of flexion during a slight flexion–hyperextension
movement.

After calibration, kinematic data were collecting during
treadmill walking at a self-selected, comfortable speed; to
avoid the effect of footwear on lower-limb biomechanics, all
participants walked barefoot (Fig. 2). Before starting the trials,
all participants walked 10 min to get used to walking on the
treadmill.

Once calibration and measurements were performed, the
Knee-KG™ computed kinematic knee parameters. For each
participant, a database containing the four biomechanical pat-
terns—consisting of the three knee angles (flexion–extension,
abduction–adduction and internal–external tibia rotation) and
anteroposterior (AP) tibial translation—was created in
Microsoft Excel 2010.

Statistical analysis

Participant characteristics [age, height, weight, body mass in-
dex (BMI), gait speeds, range of motion] were tested using the
Levene test to determine whether parametric assumptions were
met. The Mann–Whitney U test was used for nonparametric
variables, and analysis of variance (ANOVA) and the paired t
test were used for parametric variables. The paired t test was
used to compare kinematic parameters of the ACLD andACLR
groups and the ACLR group with the contralateral group;
ANOVA was used to compare the ACLR with the control
group. All statistical analyses were done using SPSS v 21
(SPSS Inc, Chicago, IL, USA). Significance was set at p 0.05.

Results

None of the participants’ characteristics were statistically dif-
ferent between groups (Tables 1 and 2), except walking speed

after surgery, when patients walked at a higher speed com-
pared with before surgery (Table 3).

Table 3 and Table 4 summarise the spatiotemporal and
kinematic data for ACLD, ACLR and control groups during
stance and swing phase.

Sagittal plane

ACLR knees showed a significantly higher extension
(10.03°±4.96°) of the knee joint during the entire stance phase
compared with ACLD knees (14.22° ±6.37°), while there was
no significant difference during the swing phase (38.81°±
3.87; 37.59°±6.08, respectively). No statistical difference
was detected between reconstructed (10.03°±4.96°) and intact
contralateral knees in stance (8.42°±5.57°) or swing (38.81°±
3.87,) phases (38.3°±5.1°, respectively). However, there was
a statistically significant difference between reconstructed
(29.24°±18.06°) and healthy control (23.29°±18.35°) knees
during terminal stance, pre-swing and initial swing phase,
where the reconstructed knee showed less extension (between
46 and 74 % of the gait cycle) (Fig. 3a).

Axial plane

There were no statically significant differences between pre-
and postoperative kinematic data in stance (-1.68°±2.67; -
1.35°±1.97) or swing (0.82°±3.62; 1.76°±3.28) phases or
in ACLR and intact contralateral knees in any phase of the
gait cycle (stance -1.35°±1.97; -1.35°±2.97; swing: 1.76°±
3.28; 2.16°±4.76). Even though the tibia of ACLR knees
rotated more internally from midstance to initial swing phase
compared with healthy control knees, significance was
achieved only from 28 to 34 % and from 44 to 54 % of the
gait cycle (-1.53°±0.21; -0.07°±0.25) (-2.78°±0.27; -0.86°±
0.21, respectively) (Fig. 3b).

Fig. 2 Knee-KG™ examination

Table 1 Participants’ characteristics

Demographics ACL group Control
group

P
value

Age (years) 30±9.8 29.3±9.7 NS

Height (cm) 171.6±9.3 173.1±10.1 NS

Weight (kg) 70.8±13.7 70.9±14.6 NS

BMI (kg/m2) 23.9±3.6 23.2±2.5 NS

Female:male 7:8 7:8 –

Right:left 6:9 7:8 –

Time from injury (months) 4.7±4.3 – –

Time from surgery to examination
(months)

10.23±1.4 – –

BMI body mass index, NS not significant
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Anteroposterior translation and coronal plane

In ACLD knees, even though during the entire gait cycle
the tibia was in an anterior position compared with ACLR
knees, statistically, there were no significant differences
between groups. However, there were no significant dif-
ferences between ACLR knees when compared with intact
contralateral knees and healthy control knees, (Fig. 3c).
Although ACLR and ACLD knees remained in the
adducted position in the initial and midswing phases
compared with intact contralateral and healthy control
knees, in the coronal plane, there were no statistically
significant differences between all groups compared
(Fig. 3d).

Discussion

The most important finding of this study was that ACLR knees
improved significantly in extension compared with ACLD
knees but not compared with the control group. There were
no differences in AP translation, while ACLR knees showed
more internal tibial rotation. Statistically significant differences
were found in the sagittal plane, where ACLR knees showed
more extension during the stance phase compared with ACLD
knees, while there were no significant differences compared
with intact contralateral knees. However, during the terminal
stance and initial swing phase, ACLR knees showed signifi-
cantly less extension than healthy control knees. Therefore,
after reconstructive surgery, extension improved in comparison
with ACLD knees but was not fully restored compared with the
healthy control group. Findings of extension deficit were con-
sistent with the study of Gao et al. [14], who showed that
ACLR knees exhibited less extension during the stance phase
and the second period of the swing phase.

As in ACLR knees passive range of motion (ROM) was
fully restored, this deficit in extension could be due to quad-
riceps weakness. Freiwald et al. [15] found that the maximal
isokinetic quadriceps ratio was 81 % of that of the normal
knee 16 months after surgery, while in our study, it was
10 months. Arciero et al. [16] reported that patients regained
98.5 % thigh girth and 97 % quadriceps muscle strength at an
average follow-up of 31 months. Some studies demonstrated
altered muscle activity in the ACLR knee, and quadriceps
weakness has been reported after harvesting the bone-
patellar tendon-bone (BPTB) autograft and hamstring muscle
weakness after harvesting the hamstring-tendon (HST) auto-
graft [17]. These alterations in muscle performance could be

Table 2 Clinical characteristics of anterior-cruciate-ligament-deficient
(ACLD) and -reconstructed (ACLR) knees

Clinical characteristics ACLD ACLR P value

Range of motion

Flexion (mean ± SD) 136.6°±4.88° 138.33°±4.88° NS

Extension (mean ± SD) 0.53°±1.45° 0° NS

Recurvatum (mean ± SD) 2.33°±3.6° 0.66°±1.5° NSa

IKDC (no. patients)

Grade A – 15

Grade B – –

Grade C 11 –

Grade D 4 –

SD standard deviation, IKDC International Knee Documentation Com-
mittee, NS not significant
aMann–Whitney U test

Table 3 Kinematic parameters of anterior-cruciate-ligament-deficient (ACLD), -reconstructed (ACLR) and healthy contralateral and control
knees during stance phase

ACLR vs ACLD Stance Phase ACLR vs Contralateral Stance Phase ACLR vs Control Stance Phase

Sagittal plane 10.03°±4.96 vs 14.22°±6.37 10.03°±4.96 vs 8.42°±5.57 29.24°±18.06 vs 23.29°±18.35a

p<0.05 p>0.05 p<0.05

Axial plane −1.68°±2.67 vs -1.35°±1.97° 1.35°±1.97 vs -1.35°±2.97 −1.53°±0.21 vs -0.07°±0.25 b

−2.78°±0.27 vs -0.86° ±0.21 c

p<0.05 p>0.05 p<0.05

Anteroposterior translation −0.29 mm±2.31 vs 0.5 mm±2.52 −0.29 mm±2.31 vs 0.38 mm±2.33 −0.29 mm±2.31 vs -1.2 mm±1.5

p>0.05 p>0.05 p>0.05

Coronal plane −1.12°±3.42 vs -0.55° ±2.78 −1.12°±3.42 vs -1.1°±3.21 −1.12°±3.42 vs -0.59°±3.08
p>0.05 p>0.05 p>0.05

Speed (k/h) d 2.46±0.21 vs 2.1±0.38 – 2.46±0.21 vs 2.51±0.4

p<0.05 p>0.05

a Terminal stance, pre-swing, initial swing phase
b Midstance phase
c Terminal stance phase
d Speed throughout gait cycle
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of neural or mechanical origin. Specifically, the lack of pro-
prioceptive activity deriving from the ruptured ligament or
graft-harvest site may alter neural control of muscles around
the knee [18, 19]. However, several investigations suggested

that ACLR patients will return to preinjury gait status over
time [16, 20].

Kinematic alterations were also identified in the axial
plane, and as in the sagittal plane, there were no statistical

Fig. 3 Tibiofemoral kinematics of anterior-cruciate-ligament-deficient (ACLD), -reconstructed (ACLR) and contralateral and healthy control knees. a
Sagittal plane; b axial plane, c anteroposterior tibial translation, d coronal plane. *Significant difference between ACLD and ACLR knees, ^significant
difference between ACLR and control knees

Table 4 Kinematic parameters of anterior-cruciate-ligament-deficient (ACLD), -reconstructed (ACLR) and healthy contralateral and control
knees during swing phase

ACLR vs ACLD Swing Phase ACLR vs Contralateral Swing Phase ACLR vs Control Swing Phase

Sagittal plane 38.81°±3.87 vs 37.59° ±6.08 38.81° ±3.87 vs 38.3° ±5.10 29.24° ±18.06 vs 23.29° ±18.35

p>0.05 p>0.05 *p<0.05

Axial plane 1.76° ±3.28 vs 0.82°±3.62 1.76° ±3.28 vs 2.16° ±4.76 1.76° ±3.28 vs 1.26° ±3.1

p>0.05 p>0.05 p>0.05

Anteroposterior translation −3.69 mm±2.76 vs −2.49 mm±3.6 −3.69 mm±2.76 vs −3.54 mm±245 −3.69 mm±2.76 vs −4.39 mm±1.66

p>0.05 p>0.05 p>0.05

Coronal plane −1.53° ±4.97 vs -0.34° ±3.56 −1.53° ±4.97 vs 2.05° ±4.76 −1.53° ±4.97 vs −1.42° ±3.32
p>0.05 p>0.05 p>0.05

*Terminal stance, pre-swing, initial swing phase
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differences in kinematic data before and after surgery between
ACLR knees and intact contralateral knees; the differences
were observed between ACLR knees and those in the healthy
control group. Significant differences were achieved during
midstance and terminal-stance phases, when the leg was under
full body weight. The finding of greater internal tibial rotation
in ACLR knees was consistent with other studies [14, 21],
which found, respectively, that ACLR knees exhibited more
internal tibial rotation during the midstance phase or through-
out the entire gait cycle. This may be explained by the material
properties of the graft, which were different from the native
ACL [22]. Handl et al. [22] showed that the BTPB graft
showed more stiffness compared with the original ACL. In
addition, the native ACL has two functional bundles, and the
attachment site is much larger than the insertion site of a single
bundle. The decreased attachment area and posteriorly shifted
insertion may affect the graft’s ability to constrain the internal
tibial twisting [21]. Butler et al. [23] evaluated strain distribu-
tion along the length of the ACL and found the greatest strain
at the insertion site.

While rotational instability after ACLR remains an issue,
we propose that extra-articular lateral reinforcement could be
a potential solution. Lording et al. [24] noted that lateral extra-
articular reinforcement in conjunction with intra-articular re-
construction may be an important option for controlling rota-
tional laxity.

While in our study there were significant differences be-
tween ACLR and healthy control knees in both planes (sagit-
tal, axial), there were no significant difference between ACLR
and intact contralateral knees. Also, there are biomechanical
adaptations in the intact contralateral knee. The same phe-
nomenon was observed also in other studies [17, 25]: Decler
et al. [25] proposed that this alteration is a compensatory
mechanism to help maintain some degree of symmetry be-
tween the two legs.

Even though in terms of AP translation there was improve-
ment throughout the gait cycle in ACLR knees, our study
found no significant differences between groups; also a sig-
nificant difference was not achieved even when comparing
ACLD and control-group knees. It is important to note, how-
ever, that while ACLD knees attained less extension during
walking in order to prevent anterior translation of the tibia,
ACLR knees had significantly improved extension compared
with preoperatively, and there was no significant difference
compared with the control group; other studies reported sim-
ilar results [14, 26]. Gao and Zheng [14] found no significant
statistical difference in knee-joint translations betweenACLD,
ACLR and ACL intact knees (ACLI). The authors explain that
these results may come from a combination of two aspects: the
relatively low intergroup difference and relatively high
intragroup variability.

In the first part of the swing phase, ACLR and ACLD
knees remain in an adducted position, even though there were

no statistically significant differences. Wang et al. [21] found
no significant difference between ACLR knees and controls,
reporting that this does not necessarily reflect no changes in
compartmental loading postoperatively; medial/lateral load
sharing can be further evaluated by characterising knee kinet-
ics, specifically abduction/adduction moments. Furthermore,
Schipplein and Andriacchi [27] report co-contraction of an-
tagonistic muscle action and/or pre-tension in passive soft
tissue was necessary for dynamic joint stability during walk-
ing. Thus, further studies should assess gait-cycle kinetics to
complement kinematic studies.

This study has some limitations. First, artefacts from soft-
tissue movements could be considered a limitation. Neverthe-
less, Sati and Larouche [9] have shown that the harnesses
fixed quasi-statically on the knee and tibia reduce skin-
motion artefacts. Additionally, the harness is accurate in
assessing 3D kinematic data, which could be used to evaluate
ACL and ACL graft deformation in vivo [9, 12]. Another
possible limitation is the small number of patients and con-
trols. However, our study is consistent with other gait-analysis
studies of the ACLD population. The fact that there was a
prospective follow-up made it difficult to assess a greater
number of patients

There is support in the literature that kinematic abnormal-
ities in ACLR knees are associated with osteoarthritis (OA)
development and progression. If the kinematic changes are
sufficient to shift cyclic loading during ambulation to a region
that cannot adapt to a change in the local mechanical environ-
ment, then normal homeostasis is disrupted in a manner that
can initiate a degenerative pathway. The knee joint is partic-
ularly sensitive to kinematic changes, since there is a larger
range of translational motion at the knee than in other joints,
and the movement is dependent on stable ligaments, healthy
menisci and coordinated muscular function [28]. Thus, main-
taining consistent gait patterns within an envelope of healthy
homeostasis between external ambulatory mechanics and car-
tilage metabolism is a necessary condition to sustain cartilage
health [28, 29].

Conclusion

In vivo, 3D motion analysis in this study revealed that ACLR
knees improve significantly in extension compared with
ACLD knees, but there were still differences compared with
knees in the healthy control group. In the axial plane, the tibia
remains in the internal position significantly compared with a
healthy control group, while there were no significant differ-
ences in anteroposterior translation in the coronal plane. These
kinematic changes could lead to abnormal loading of the knee
joint and may initiate the process for future chondral degen-
eration. However, postoperative kinematic data were collected
10 months after surgery, so a longer follow-up is needed to
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determine whether these kinematic changes persist overtime
and their effects in joint degeneration.
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